Abstract: Dopamine (DA), the most abundant catecholamine in the basal ganglia, participates in the regulation of motor functions and of cognitive processes such as learning and memory. Abnormalities in dopaminergic systems are thought to be the bases for some neuropsychiatric disorders including addiction, Parkinson's disease, and Schizophrenia. DA exerts its arrays of functions via stimulation of D1-like (D1 and D5) and D2-like (D2, D3, and D4) DA receptors which are located in various regions of the brain. The DA D1 and D2 receptors are very abundant in the basal ganglia where they exert their functions within separate neuronal cell types. The present paper focuses on a review of the effects of stimulation of DA D1 receptors on diverse signal transduction pathways and gene expression patterns in the brain. We also discuss the possible involvement of the DA D1 receptors in DA-mediated toxic effects observed both in vitro and in vivo. Future studies using more selective agonist and antagonist agents and the use of genetically modified animals should help to further clarify the role of these receptors in the normal physiology and in pathological events that involve DA.
INTRODUCTION
Dopamine (DA) is a catecholamine (CA) neurotransmitter that regulates functional network activities in various regions of the brain [1] . DA neurons are characterized by their anatomical and functional diversity, being located in the ventral midbrain, the diencephalon, and the olfactory bulb [2, 3] . Dopaminergic neurons send projections to the cingulate gyrus, frontal cortex, nucleus accumbens, and the striatum [4, 5] and are involved in a number of neurological and psychiatric disorders including addiction, Parkinson's Disease (PD), and Schizophrenia [6] [7] [8] [9] . For example, the recognition that death of neurons in the substantia nigra is responsible for the majority of the signs and symptoms of PD has been the main driving force for the development of therapeutic agents [8, 10] . In the case of schizophrenia, however, the development of the DA hypothesis was driven by the fact that the majority of antipsychotic drugs are antagonists at DA receptors [11] .
DA neurotransmission in the brain is dependent on the stimulation of two classes of G-protein-coupled DA receptors, the D1-and D2-like classes, which were initially distinguished on the basis of their opposite influence on adenylyl cyclase [12] [13] [14] . The DA D1-like receptor family includes D1 and D5 receptors whereas the D2 receptor class includes D2, D3, D4 subtypes. The molecular structures of these classes of DA receptors also show interesting differences, with the D1-like receptors having short third intracellular loops and long carboxyl terminal tails but the D2-like receptors having long third intracellular loops and short carboxyl terminal tails [15] [16] [17] .
DOPAMINE D1 RECEPTORS, LOCALIZATION AN D SIGNAL TRANSDUCTION MECHANISMS
The two members of D1-like DA receptors, D1 and D5 subtypes, are genetically distinct [16, [18] [19] [20] . They share about 80% sequence homology within the highly conserved seven transmembrane spanning domains but only 50% homology at the levels of amino acid content. They are also differentially distributed in the brain [21, 22] . The present review will focus on the molecular neuropharmacology of DA D1 receptors which play major roles in 
LOCALIZATION OF DA D1 RECEPTORS IN THE BRAIN
DA D1 receptors play important roles in learning and memory, locomotor activity, reward mechanisms, and have been implicated in the signs and symptoms of some neuropsychiatric disorders [23, 24] . DA D1 receptors are widely expressed in the brain, with the highest levels being found in the caudate-putamen, the nucleus accumbens, the substantia nigra pars reticulata, and the olfactory bulb [25] [26] [27] . These binding data are consistent with the high levels of DA D1 receptor mRNA detected in neurons of the caudateputamen and in the nucleus accumbens in human and rodent brains [28, 29] . Moderate binding densities are found in the cerebral aqueduct, the third and fourth ventricles, entopeduncular nucleus, and the nucleus interstitialis stria terminalis [25] . Lower densities of D1 receptors are found in other brain areas including the dorsolateral prefrontal cortex, the cingulate cortex, the hippocampus, and the habenular [25, 27] . In the striatum, D1 receptors are co-localized with DARPP-32 in medium-sized spiny neurons [30] . D1 receptors were also co-localized with DARPP-32 in fibers of the entopeduncular nucleus and the pars reticulata of the substantia nigra [30] . DA D1 receptors are highly concentrated in dendritic spines including spine heads and the postsynaptic density of neurons [31] where they can interact with other receptors and influence signaling mechanisms involved in the function of spines [32] .
Lesion studies have been used extensively to examine the effects of various toxins on the expression of DA D1 receptors. It was initially reported that there were no changes in DA D1 receptors after 6-hydroxydopamine (6-OHDA)-induced lesions of the nigrostriatal DA pathway [33] . Subsequently, Berger et al. [34] found that intrastriatal injections of 6-OHDA, which caused greater than 97% and 88% respective losses of mazindol-labeled DA uptake sites in the striatum and substantia nigra pars compacta (SNpc), respectively, caused about 15% loss of D1 receptors in the striatum and 10% loss in the SNpr in animals euthanized 2 weeks after the 6-OHDA lesions. Animals that underwent similar surgical procedures but that were killed after 8 weeks showed no changes in striatal D1 receptors [35] . In contrast, excitotoxin-induced lesions of neuronal cell bodies in the striatum caused significant decreases in D1-like receptors in the striatum and nucleus accumbens, indicating that these receptors are located on intrinsic postsynaptic neurons [33] . These experimental results are consistent with data showing that DA D1 receptors show decreased expression in the brains of patients who suffer from Huntington's disease [36, 37] , a neurodegenerative disorder characterized by substantial loss of medium spiny neurons in the striatum [38] .
SIGNAL TRANSDUCTION MECHANISMS
Kebabian and collaborators were the first investigators to show that low DA concentrations can activate an adenylate cyclase in rat striatal homogenates, effects that were blocked by the DA antagonists, haloperidol or chlorpromazine [12, 39] . D1 receptors can induce cAMP formation in brain striatal tissues [40, 41] , in cells transfected with the D1 receptor [19, 42] , and in malignant neuroblastoma cells [43] . DA can also stimulate adenylate cyclase in tissues obtained from the median eminence, olfactory tubercle, and the nucleus accumbens [40, 44, 45] , all regions that contain moderate to high concentrations of DA D1 receptors [25] . Zhang et al. (2007) [46] recently reported that the synaptic scaffolding protein, postsynaptic density-95 (PSD-95), interacts with D1 receptors and regulates its functions. They reported, in addition, that D1-PSD-95 interaction is mediated by the carboxyl-terminal tail of D1 and the NH2 terminus of PSD-95 and that co-expression of PSD-95 with D1 in mammalian cells caused inhibition of D1-mediated cAMP accumulation. Electrothermic-or 6-OHDAinduced lesions that cause striatal dopamine depletion are associated with potentiation of the DA-mediated cAMP response in the striatum [47, 48] . Although it was initially thought that D1-mediated induction of adenylyl cyclase occurred via stimulation of the G-protein, Gs, there is now evidence that the activation occurs through coupling with Golf in the striatum [49, 50] . These observations are consistent with previous studies that there are very low levels of Gs but high levels of Golf in the striatum [49, 51, 52] . It is to be noted that Go and Gs are 88% homologous in amino acid composition and both stimulate adenylyl cyclase [53] . DA D1 receptors have also been linked to other second messenger systems [54] [55] [56] [57] [58] . These include receptor-mediated activation of phospholipase C (PLC) to generate inositol 1,4,5-trisphosphate [IP 3 ] which participates in phosphoinositide turnover and calcium-regulated signaling pathways in the brain [59] . IP 3 receptors are located mainly in the endoplasmic reticular (ER) membrane where IP 3 can mobilize Ca 2+ from intracellular stores [59] . Several recent studies have documented that D1 receptors are indeed coupled to Gq/PLC and have a significant role in phosphatidylinositol(PI)/phosphatidylinositol 4,5-biphosphate (PIP2) hydrolysis in the cortex, hippocampus, amygdala, and cerebellum [58, 60, 61] . DA D1 receptors are coupled differentially to multiple Galpha protein subunits in these brain regions. Specifically, DAinduced stimulation of PIP2 hydrolysis was blocked by antisera against Gq in hippocampal and in striatal membranes [61] . Dopamine also increased the binding of [35S]GTPgammaS or [alpha-32P]GTP to Gq in these brain regions, with the greatest effects being observed in the hippocampus [61] . In contrast, DAinduced binding of [35S]GTPgammaS to Gs was observed in the frontal cortex and striatum, but not in the other brain regions. These effects of DA were blocked by a DA D1 antagonist, SCH23390, further indicating a coupling of D1 receptors to both Gs and Gq proteins [61] . Interestingly, Tang and Bezprozvanny [62] reported that DA can cause D1-mediated PLC-dependent robust calcium transients in about 40% of striatal medium spiny neurons. Experiments with DARPP32 knockout mice also documented a role for DARPP32 in these DA-mediated calcium oscillations. Taken together, these observations suggest the existence of interactions of the PI and cAMP transduction mechanisms within DA D1-expressing striatal medium spiny neurons (MSN). Interestingly, Rashid et al. [63] have also provided evidence for the existence of brain heteromeric D1-D2 DA receptor signaling mechanisms that require the coincident binding of both receptors for activation and intracellular calcium release. Activation of this D1-D2 complex is associated with increased levels of calcium/calmodulin-dependent kinase II alpha in the nucleus accumbens [63] . More studies on the PI-linked DA D1 receptors were conducted by Ma et al. [64] who used whole cell patch-clamp technique to investigate the effects of the DA D1 receptor agonist, SKF83959, on high-voltage activated (HVA) calcium currents in primary cultured striatal neurons. They found that stimulation by SKF83959 caused inhibition of HVA calcium currents in a dose-dependent manner in substance-P (SP)-immunoreactive striatal neurons. Application of D1, but not of D2, antagonists prevented the SKF83959-induced inhibition which was regulated by PLC-mediated activation of intracellular calcium stores and of calcineurin. Activation of D1 receptors in isolated nerve terminals from rat striatum by SKF81297, another selective D1-like receptor agonist, also caused increases in calcium levels in striatal synaptosomes [65] . The D1-induced changes in calcium levels appear to occur via sodium channel-mediated membrane depolarization followed by opening of voltage-gated calcium channels. These SKF-mediated effects were inhibited by the D1 receptor antagonist, SCH23390 [65] . More recently, it was reported that phosphorylation of tau at serines 199-202 and 214 in rat striatal sections occurred through activation of calcium-dependent intracellular mechanisms, subsequent to D1 receptor-induced cAMP-dependent protein kinase A (PKA), increased calcium levels and cdk5 activation [66] , a process which suggests that stimulation of DA receptors might influence short and long-term changes in brain architecture [67] . Thus, when taken together, these observations indicate that DA D1 receptors are coupled to a diversity of transduction mechanisms which include SCH23390-sensitive Golf/AC/PKA, Gq/PLC, and voltage-gated calcium channels. These signaling pathways might act singly, in parallel, or in concert to modulate DA-mediated regulation of synaptic functions, neuronal plasticity, and of functional neuroanatomy of brain regions containing D1-positive neurons.
DA D1 RECEPTORS AND TRANSCRIPTIONAL REGULATION
Stimulation of striatal DA receptors has a significant role in the control of gene expression in the brain [68, 69] . Table 1 provides a functional classification of genes whose expression has been reported to be influenced by administration of drugs that stimulate DA D1 receptors [68, 69] . These include immediate early genes (IEGs), transcription factors, and ER stress-related genes, among others. Observations on the role of DA in the control of gene expression were initially made with the use of indirect DA agonists including cocaine and the amphetamines [70] [71] [72] [73] [74] [75] . Several groups of investigators have studied the effects of direct and indirect DA agonists on the expression of members of AP-1, Egr and Nr4a families of transcription factors and have reported that these changes in gene expression are mediated, for the most part, via stimulation of DA D1 receptors [68] [69] [70] [71] [72] [73] [74] [75] [76] . In what follows, we discuss some of the genes shown in Table 2 which represents a partial list of genes whose expression is affected by the administration of either direct or indirect DA D1 agonists [68, 69] .
TRANSCRIPTION FACTORS
The effects of DA agents on the expression of transcription factors have been investigated extensively [69, 77, 78] . In the case of direct agonists, Simpson and Morris [79] used primary cultures of embryonic striatal neurons and reported marked SCH23390-sensitive, SKF38393-stimulated increases in the expression of c-fos and zif268 mRNA levels. Berke et al. [69] took a comprehensive approach using differential display and the 6-OHDA rat model of Parkinson's disease. They list a set of 32 genes whose expression was rapidly induced by stimulation of striatal DA D1 receptors by the DA D1 agonist, SKF38393. The mRNAs that were affected belonged to several families of transcription factors that include c-fos, fosB, fra2, c-jun, junB, junD, egr2, egr3, CHOP, arc, nur77, zif268, and krox20. The timing of changes in gene expression varied with a large number of genes (e.g. c-jun) peaking at around 2 hours and returning to baseline expression within 4 hours whereas others (CHOP) took a longer time to normalize [69] . Svenningsson et al. [80] used DARPP32 knockout mice to assess the effects of the DA D1 agonist, SKF82958, on c-fos and NGFI-A expression. They found that injection of SKF82958 caused greater up-regulation of the expression of these immediate early genes in wild-type mice in comparison to the DARPP32 knockout mice. These results were found not to be related to changes in the expression of DA D1 receptors because there were no differences in D1 receptor expression between the two groups of mice. Several studies have investigated the effects of the indirect DA agonists, cocaine and the amphetamines, on gene expression. Cocaine is an addictive stimulant that is widely abused [81] . Cocaine causes its biochemical effects by blocking DA re-uptake in reward related brain regions [82] and by causing dose-dependent increases in extracellular DA concentration [83] . The addictive effects of the drug are thought to be secondary to molecular adaptations secondary to changes in gene expression in various areas of the brain [84] . These ideas are consistent with the fact that cocaine can cause changes in the expression of several IEGs via activation of striatal D1 receptors [73, 74, 76, 85, 86] . A single cocaine injection caused time-dependent increases in ERK phosphorylation, c-Fos and FosB protein expression in the rat striatum [87] . Cocaine-induced increases in the expression of c-Fos and FosB proteins are inhibited by pretreatment with the DA-D1 receptor antagonist, SCH23390. Genetically modified mice in which c-fos was mutated in D1 receptor-bearing neurons were used to examine the role of c-fos in mediating cocaine-induced persistent neurobiological changes [87] . These animals exhibited abnormalities in the manifestation of cocaine-mediated behavioral sensitization. Because these animals showed alterations in the composition of AP-1 transcription complexes and in the expression of some neurotransmitter receptors that are induced by chronic cocaine administration, the authors concluded that cocaine-induced c-fos expression in D1 receptor-containing neurons might be very important to the molecular and structural neuroadaptations induced by the drug [87] . The role of DA D1 receptors in cocaine-induced changes in c-fos expression is supported by reports that direct DA agonists also cause SCH23390-sensitive increases in c-fos expression [88] . Bertran-Gonzalez et al. [89] used transgenic mice, in which enhanced green fluorescent protein (EGFP) expression was driven by a D1 receptor promoter (drd1a-EGFP) or a D2 receptor promoter (drd2-EGFP); the acute administration of cocaine-induced expression of c-fos and Zif268 occurred mostly in D1 receptor-expressing neurons. Repeated cocaine administration caused inhibition of cocaine-induced signaling responses. Other investigators have also shown that acute injections of cocaine can cause significant increases in the expression of phospho-cAMP response element binding protein (p-CREB) and p-Elk-1 in the mouse striatum [90] . These cocaine-induced changes are blocked by the DA D1 receptor antagonist, SCH23390 but not by the D2 antagonist, raclopride [90] . Cocaine also increases Nab2 expression [91] .
The amphetamines are used clinically in the treatment of neuropsychiatric disorders including attention deficit and hyperactivity disorder (ADHD) [92] . Their abuse is very prevalent and is associated with an array of complications [93, 94] . The amphetamines have also been shown to cause significant DA D1-mediated changes in gene expression. For example, Graybiel et al. [73] showed that single doses of amphetamine induced rapid expression of c-fos in the striatum, induction which was almost completely blocked by the DA D1 antagonist, SCH23390. Subsequent studies from the same laboratory also reported that amphetamine caused SCH23390-sensitive upregulation of Egr1 (Zif268, NGFI-A) expression in the rat brain [75] . These amphetamine-induced changes are dependent on D1 receptormediated cAMP response element binding protein (CREB) phosphorylation [74] . In addition to the effects of cocaine and amphetamine, methamphetamine (METH) has also been shown to cause substantial changes in gene expression in the rodent brain [68, 77] . [95] used in situ hybridization and reported that a single dose of METH (15 mg/kg) increased c-fos expression in the rat striatum at 1 hour after METH with reversal to normal at 3 hours post-drug. Cadet, et al. [77] used microarray and RT-PCR analyses and found significant METH-induced increases in c-fos, fosB, fra2 c-jun, junB, junD in the frontal cortex of mouse. Jayanthi, et al. [96] also reported that a single injection of METH (40 mg/kg) caused significant increases in c-Jun mRNA which peaked at 2 hours and returned to normal between 16 and 24 hours after the drug injection. The single METH injection was also associated with increases in the expression of c-jun protein which peaked at 4 hours and lasted for 7 days after the METH injection. In addition, there were increases in phosphorylated c-jun which lasted for 2 days after the drug exposure. In order to test the role of D1 receptors in METH-induced changes in gene expression, we compared striatal transcriptional profiles in four groups of rats treated with saline (C), SCH23390 alone (S), METH alone (M) and METH plus SCH23390 (M + S) using Illumina rat arrays which contain 22,227 genes [68] . There were only 85 genes whose expression was influenced by the injection of SCH23990 alone (see Table 3 for a partial list). METH alone caused increases in 189 and 133 genes at the 2-and 4-hr time points, respectively [68] . METHinduced SCH23390-responsive genes include genes that participate in signal transduction, transcriptional regulation, metabolic pathways, apoptotic events, and endoplasmic reticulum stress among others [68] (see Table 1 for classification of genes). Quantitative polymerase chain reaction (PCR) was used to validate some of the array data and test the effects of SCH23390 on the METH-induced changes on the expression of a number of these transcription factors (see Figs. 1-4) .
The effects of METH on four members of AP-1 transcription factors [97] are shown in Fig. (1) . Mammalian AP-1 proteins are composed of homodimers and heterodimers of basic region leucine sipper (bZIP) proteins that include c-Fos, FosB, Fra-1, and Fra2, cJun, JunB, and JunD [98] . Most of the studies on DA-induced regulation of gene expression have focused on c-Fos expression. Here, we show that a single METH injection can also cause substantial DA D1-dependent increases in fra1 expression at both 2 and 4 hours after METH. METH also caused significant D1-receptor-dependent increases in fra2 expression at the two time points. METH-induced increases in c-jun expression were totally blocked by pretreatment with the D1 receptor antagonist, SCH23390, with junB expression showing similar SCH23390-sensitive METH-induced changes. Fig. (2) shows the results of the METH injection on the expression of the Egr family of IEGs [99] . These include Egr1 (Krox-1, NGF1A, Zif268), Egr2 (Krox20, NGF1B), Egr3 (Pilot), and Egr4 (NGF1C). Egr1 and Egr2 mRNA levels showed significant METH-induced increases that were blocked by SCH23390. Egr3 expression was induced at the 4-hr but not at the 2-hr time point. The changes in Egr3 were also blocked by a D1 antagonist. In contrast, there were no significant METH-induced changes in Egr4 expression at the times in which measurements were taken. Our findings on METH-induced expression of the Egr members of transcription factors expand those of previous investigations that had discussed only Egr1 by providing information on the influence of METH on all four Egr transcription factors. Indeed similar to our observations, Wang and McGinty [100] had reported that pretreatment with SCH23390 was able to block METH-induced changes in Zif268 (Egr1). Fig. (3) shows that the METH injection used in our study also caused substantial increases in the expression of the members of the nuclear receptor Nr4a superfamily which includes Nr4a1/nur77/NGFI-B, Nr4a2/Nurr1 and Nr4a3/Nor-1 [101] . Nr4a1/nur77 expression was induced by METH in a SCH23390-sensitive fashion. There were also D1-dependent METH-induced increases in Nr4a2/Nurr1. Nr4a3/Nor1 expression was also significantly increased by METH but, unexpectedly, SCH23390 potentiated these METH-induced changes. These results suggest that Nr4a3/Nor1 might play roles that are distinct from those of the other two Nr4a family members. Fig. (4) shows the effects of METH-induced changes on Arc, ICER/CREM, and Nab2 expression in the rat striatum. METH caused increases in Arc expression in a SCH23390-sensitive fashion. There were also significant METH-mediated increases in Nab2 expression which were blocked by SCH23390. Moreover, ICER was induced by METH. Pretreatment of the animals with SCH23390 partially blocked the the effects of METH on ICER expression. These results are consistent with the recent report that amphetamine induced ICER expression in the rat nucleus accumbens [102] and with the fact that toxic doses of METH also caused increases in cAMP responsive element modulator (CREM) expression at 3 hours after injection of METH [103] . ICER is a member of a group of proteins produced from the CREM/ICER gene by use of an internal promoter within an intron of the CREM gene [104] . ICER functions as a repressor of transcription of several CREB target genes [104, 105] . The observations suggest that METH-and amphetamine (AMPH)-induced ICER expression might serve a negative-feedback role against CREB-mediated transcription. In other words, because ICER itself is a target gene for CREB-mediated transcription, which also occurs via stimulation of DA D1 receptors, its induction by METH and AMPH might serve to suppress more delayed drug-induced gene transcription. The METH-induced change in Nab2 is interesting in this respect because Nab2 is an Egr1 co-repressor [106] which can also be induced by Egr1 [107] .
Members of the nuclear factor of activated T-cells (NFAT) family of transcription factors are important transcription factors that participate in a number of functions in the mammalian brain [108] . Consistent with these observations, METH has been shown to cause substantial D1-mediated changes in the expression of members of this family of transcription factors [109] . Specifically, METH administration caused shuttling of NFATc3 and NFATc4 from the cytoplasm into the nucleus. These changes were dependent on METH-induced activation of calcineurin and were blocked by the SCH23390 [109] . These results are consistent with the findings of Groth et al. [110] who reported that stimulation of D1 receptors can stimulate NFAT-dependent transcription in striatal cell cultures.
NEUROPEPTIDES
In addition to high levels of monoamines, the basal ganglia contain various neuropeptides that participate in the modulation of the pharmacology and physiology of motoric, reward-related and cognitive behaviors [111, 112] . These include dynorphin, Fig. (1) . Quantitative PCR analyses of SCH23390-mediated inhibition of METH-induced expression of AP1 transcription factors. The levels of mRNA were measured by real-time quantitative PCR; mRNA levels were normalized to 18s RNA. Data represent means ± SEM of fold changes relative to the controls (n = 6 rats per group). Statistical significance was determined by ANOVA followed by protected least-squares difference (PLSD). $ = p <0.05, M vs C; # = p < 0.05, M vs M + S. Abbreviations are C, control; S, SCH23390; M, methamphetamine, and M + S, methamphetamine plus SCH23390.
enkephalin, neuropetide Y, neurotensin, somatostatin, and substance P (SP) that have also been shown to be affected, to different degrees, by various dopaminergic agents [73, 112, 113] . Subacute treatment of rats with the D1 agonist, SKF38393, caused decreases in SP levels in the substantia nigra [114] . Intermittent administration of SKF38393 induced increases in dynorphin levels [115] . The D1 receptor agonist, SKF82958, also caused SCH23390-sensitive increases in the expression of striatal preprodynorphin (PPD) and SP [116] . Repeated administration of SCH23390 to rats caused increases in the SP immunoreactivity in the striatum [117] . Using organotypic striatal slices, Campbell and Walker [118] reported that SKF38393 increased preprotachykinin (PPT) mRNA expression that were blocked by SCH23390. SKF82958 also increased PPD and SP mRNA levels in the mouse striatum in a dose-dependent manner [119] . Campbell et al. [120] examined the effects of SKF82958 in rats and also reported drug-induced increases in striatal PPT mRNA in the rat brain. Low but not high doses of METH also caused increases in the extracellular concentration of SP in the substantia nigra, increases that were also blocked by D1 receptor antagonism [121] . Mice with targeted disruption of DARPP-32 show normal basal expression of D1 and D2 receptors and exhibit normal expression levels of SP and prodynorphin [80] . However, SKF82958 produced greater upregulation of these neuropeptides in wild-type mice than in mice lacking DARPP-32, indicating the importance of DARPP-32 in DA receptor-mediated regulation of neuropetide gene expression in the basal ganglia [80] .
Neurotensin (NT) is a neuropeptide that is very sensitive to perturbations in DA-mediated signaling and is thought to be involved in pathophysiological states in the CNS [122] . NT has been implicated in the pathogenesis of neuropsychiatric disorders including schizophrenia [123] . Single or multiple high doses of METH induced significant increase in the content of neurotensinlike immunoreactivity (NTLI) in the nucleus accumbens that could be prevented by SCH23390 [124] . SKF82958 increased striatal NT mRNA levels that were enhanced by prior 6-OHDA-induced depletion of striatal DA [125] . More recently, St-Hilaire et al. [126] reported that destruction of the nigrostriatal DA system by 6-OHDA results in significant increases in NT mRNA expression in striatal enkephalin (ENK)-positive cells. Repeated injections of L-DOPA caused further increases in NT mRNA levels which were blocked by SCH23390.
Neuropeptide Y (NPY) is a neuropeptide that has neuroprotective properties in several models of neurodegeneration including METH-induced neurotoxicity [127] . Intermittent injections of SKF38393 reduced NPY expression in the rodent striatum [115] . METH administration decreased NPY levels in specific regions of the nucleus accumbens and the caudate in a SCH-23390-sensitive fashion [128] . Injections of multiple high doses of METH, however, were shown to cause marked increases in striatal preproNPY (ppNPY) mRNA expression [129] . The increases in the number of ppNPY mRNA-expressing neurons were blocked by SCH22390 [129] . 
TROPHIC FACTORS
The use of psychostimulants is associated with structural changes that include modification of dendrites and dendritic spines in the rat brain [130] . These structural changes are probably related to changes in the expression of several genes including Arc and other transcription factors that might arise in a D1 receptordependent fashion [131, 132] . Nevertheless, the recent reports that stimulation of D1 receptors can also affect the expression of some trophic factors suggest that D1 receptors can have effects beyond those traditionally associated with stimulation of these receptors. For example, the D1 receptor-selective agonist, SKF38393, was shown to increase brain-derived neurotrophic factor (BDNF) mRNA and protein levels in striatal cultures, effects that were inhibited by SCH23390 [133] . A subsequent study also reported that the SKF38393 also caused increases in BDNF protein in striatal and hippocampal tissue slices [134] . Another trophic factor of interest is fibroblast growth factor-2 (FGF-2) which is synthesized in and secreted by glial cells in the adult brain [135] . Activation of D1 receptors stimulates FGF-2 biosynthesis and secretion in astrocytes, in a PI-dependent fashion [136] . Moreover, blockade of intracellular calcium oscillation by IP 3 inhibitors inhibited SKF83959-induced increases in FGF-2 expression [136] . When taken together with previous observations, these data indicate a potentially significant role of D1-induced PI turnover in the regulation of gene expression and synaptic plasticity induced by drugs, such as the psychostimulants, that cause marked increases in DA levels in various brain regions [83, 137, 138] . These ideas remain to be investigated fully. Fig. (4) . Quantitative PCR analyses of the effects of METH and SCH23390 on the expression of Arc, Icer, and Nab2. The levels of mRNA were measured by real-time quantitative PCR; mRNA levels were normalized to 18s RNA. Data represent means ± SEM of fold changes relative to the controls (n = 6 rats per group). Statistical significance was determined by ANOVA followed by protected least-squares difference (PLSD). $ = p <0.05, M vs C; # = p < 0.05, M vs M + S. Abbreviations are C, control; S, SCH23390; M, methamphetamine, and M + S, methamphetamine plus SCH23390.
DOPAMINE, DA D1 RECEPTORS, AND NEURODEGENE-RATION
Dopamine is a neurotransmitter that has recently associated with the regulation of neuronal apoptosis. For example, intrastriatal DA injections can cause DNA damage and apoptosis in the rat brain [1390, 140] . Striatal cells exposed to DA are also killed in vitro [141] [142] [143] [144] . Various DA concentrations have also been shown to be toxic to several cell types including cortical cells, mesencephalic cells, striatal cells, and some established cell lines [145] [146] [147] [148] [149] [150] . The manner by which DA exerts its toxic effects have been attributed, mainly, to the production of reactive quinones and other reactive species that are generated by oxidative DA metabolism [151] [152] [153] . More recently, however, substantial evidence has been put forward to suggest that stimulation of D1 receptors might also participate in DA-induced degeneration [154] . For example, chronic treatment of human SK-N-MC neuroblastoma cells with DA induces death of these cells [155] . Treatment with either the antioxidant, sodium metabisulfite, or the D1 antagonist, SCH 23390, was able to partially block the toxic effect of DA. When used together, these two agents completely blocked DA-induced cell death, in accord with a D1 receptor mode of neurotoxicity. Importantly, activation of D1 receptors with the D1 agonist SKF38393 also killed neuroblastoma and striatal cells [155] . Follow-up studies by these investigators have also revealed that DA can cause activation of p-ERK1/2, p-JNK and p-p38 MAPK [156] . In contrast, SKF38393 caused SCH23390-sensitive p-ERK1/2, but not p-JNK or p-p38 MAPK activation. Interestingly, D1-induced ERK activation was reported to cause oxidative stress and cell death. Coimmunoprecipitation studies revealed that p-ERK formed stable heterotrimeric complexes with D1 receptors and beta-arrestin2 [156] . These reports are supported by studies with METH, which also caused SCH23390-inhibitable cell death in the rodent brain.
METH which causes its biochemical effects by causing large increases in DA release in the brain [137] , can also cause degeneration of neurons of several brain regions [157, 158] . These toxic effects occur via the activation of apoptotic pathways including increased production of prodeath members of the Bcl-2 family of proteins [78] , induction of ER stress [68, 159] and upregulation of the calcineurin/NFAT/Fas ligand death pathway [109] . Recent studies from various laboratories have indicated that METH-induced cell death is dependent on stimulation of D1 receptors because pretreatment with the D1 antagonist, SCH23390, blocks METH-induced neurodegeneration [68, 94, 109] (see Krasnova and Cadet [94] for a recent review). METH-induced toxicity occurs via activation of SCH23390-sensitive calcineurindependent gene expression [109] . The phosphatase, calcineurin is a well known mediator of several cellular responses due to calcium overload and oxidative stress [160] . When activated by calcium, calcineurin, dephosphorylates NFAT, which translocates to the nucleus and activates genes that contribute to growth [160] or apoptosis [161] , depending on the trigger. In the case of METH, we have shown that METH administration activates SCH23390-inhibitable calcineurin/NFAT-mediated increases in FasL expression and neuronal apoptosis in the rat brain [109] , thus supporting the idea that DA can cause neurodegeneration by activating DA D1 receptors [155] .
FUTURE PROSPECTS
In summary, the catecholamine neurotransmitter, DA, exerts significant influence on gene expression via stimulation of the DA D1 receptors located in various brain regions, but principally in the mammalian striatum. The DA D1-mediated changes have been shown to occur in genes that are involved in many functions in the brain. These include several IEGs, neuropeptides, and trophic factors. Recent use of microarray analysis has expanded the list of genes that might be involved to include several unexpected genes including genes that are involved in ER stress and in the induction of neuronal death. DA, itself, has also been shown to cause cell death through enhancement of oxidative stress and by stimulation of D1-mediated toxic events. The prevailing data suggest that METH, which causes release of large amounts of DA in the brain, produces its neurotoxic effects via events that include DA D1-mediated ER stress. The use of pharmacological agonists and antagonists in conjunction with mutant mice with targeted gene deletion of D1 receptors have helped to advance scientific understanding in this field [162] . Nevertheless, much remains to be done in order to completely elucidate the various functional roles of the D1 receptor subtype in the brain. For example, tt will be important to determine to what extent stimulation of the cAMP/PKA or the PI/PKC limb of D1-meidated signal transduction cascade might be more or less involved in D1 receptor-mediated changes in specific genes or in specific functional or behavioral changes in animal model systems. Such understanding will also improve our ability to control the pathophysiological conditions underlying these neural systems. 
